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Abstract 
An advanced hydrogen production system with CO2 separation is introduced in this paper, which is based on HyPr-RING and 
enhanced by dual chemical looping. The first chemical looping is for CO2 separation using lithium ortho-silicate (Li4SiO4) as a 
solid CO2 sorbent which can absorb CO2 around 650°C with an exothermic reaction and regenerate around 800°C. Another 
chemical looping by red-ox reaction of a metal oxide is applied to oxygen carrier in the gasification reactor and heat source to
regenerate the sorbent. Copper oxide (CuO) is one of the suitable materials for oxygen carrier because reduction of CuO by 
carbon is exothermic reaction which benefits energy balance, while reduction of nickel oxide or hematite by carbon is 
endothermic reaction. Dry mixtures of copper oxide and graphite in various ratio and sieve mesh size were dropped into the 
reactor preheated at various temperatures and each component of product gas was quantified by gas meter and GC/TCD. 
Hydrogen production from graphite was confirmed even at around temperature of CO2 absorption, but in any test conditions, a 
simple mixture of CuO and graphite mainly produced CO2 by complete oxidation. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Coal is an important energy resource from the viewpoint of stable power supply and reserve, but specific CO2
emission from conventional coal-fired power plants is greater than that from other fossil fuel-fired power plants. 
Pre-combustion CCS integrated with coal gasification can provide clean hydrogen-production system with less 
power consumption due to separation of CO2. Hydrogen Production from Coal by Reaction Integration Novel 
Gasification with CO2 Recovery (HyPr-RING) is an advanced effort in this research area, which has been developed 
by National Institute of Advanced Industrial Science and Technology of Japan (AIST)[1][2]. HyPr-Ring process uses 
calcium hydroxide (Ca(OH)2) as a chemical sorbent about at 650C and non-equilibrium reaction by CO2 absorption 
enables hydrogen production at relatively low-temperature for conventional coal gasification reaction. In addition, 
exothermic heat of CO2 absorption reaction can partially supply endothermic heat of coal gasification. The absorbed 
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1. Drymixing50100mpowdersofLi2CO3
andSiO2inamolarratioof2:1.
2. 20 hours calcination at 800C in the
electricfurnace.
3. Drymixingpowdersof theproduct and
K2CO3inamolarratioof10:1.
sorbent of calcium carbonate (CaCO3) can be used repeatedly regenerated by the reverse reaction as a chemical 
looping and emit almost pure CO2 about at 1200C. The regeneration process needs oxyfuel combustion of 
additional coal to supply the endothermic heat of reverse reaction and to recover high-purity CO2. Based on this 
unique concept, we devised a new concept of enhanced hydrogen production process including dual chemical 
looping, one of which separates the CO2 from gasification gas and the other chemical looping separates the oxygen 
from air. This research aims to explore the feasibility of the conceptual hydrogen production process and key 
technology to establish it. This report introduces this new conceptual process of hydrogen production showing some 
results of the preliminary test.  
2. Concept
Firstly, we attempted to lower the temperature of regeneration process by using alternate sorbent of lithium 
ortho-silicate (Li4SiO4) because reducing the degree of temperature swing between absorption and regeneration 
processes reduces directly the energy penalty for CO2 separation. Li4SiO4 sorbent can absorb CO2 equivalent to 
about 30wt% of sorbent at temperatures between 500C and 650C with an exothermic reaction and regenerate 
rapidly at temperatures above 700C with an endothermic reaction. This novel sorbent was originally developed by 
Toshiba Corporation [3]-[5] and recently, its kinetics of CO2 absorption have been elucidated
 [6]-[8]. This feature 
contributes to lowering the energy loss due to temperature swing without losing exchange of reaction heats between 
CO2 absorption and gasification. 
The reversible reaction expressed as Eq. (1) occurs with accompanying enthalpy change of H923=63.8kJ/mol-
CO2, which is smaller than that of the conventional mono-ethanol amine process. 
Li4SiO4 + CO2  Li2CO3 + Li2SiO3 H923=63.8kJ/mol      (1) 
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Figure 1  Preparation method of lithium silicate promoted by potassium carbonate additive [9] and its result of 
thermogravimetry at 650C
Figure 1 shows the result of thermogravimetry at 650C under the various CO2 / N2 atmospheres using the 
Li4SiO4 sorbent prepared in our laboratory. Lithium silicate is a ceramic material. For use as a sorbent, it is normally 
sintered and pelletized. The pellets are imparted with sufficient porosity to accommodate the volume expansion due 
to the reaction and with a compressive strength of more than 1MPa. Laboratory tests have demonstrated that it has a 
life of more than 200 cycles. Hydrogen production from methane using lithium silicate was demonstrated in 2004 as 
a R&D project commissioned by the New Energy and Industrial Technology Development Organization (NEDO). 
Essaki, Muramatsu and Kato reported that non-equilibrium effect by absorbing local CO2 enabled the steam 
reforming of methane at low temperature and enhanced the hydrogen yield[10][11]. This “sorption enhanced” process 
using lithium silicate also applied to ethanol steam reforming. Essaki et al. also showed experimental results of 
equilibrium-shifted ethanol steam reforming and succeeded to obtain very high hydrogen yield even at 850K and 
900K[12][13]. Iwasaki et al. showed another research result of equilibrium-shifted ethanol steam reforming using 
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precious metal catalysts[14][15]. CO2 absorption performance of lithium silicate has been already proven technology 
and its non-equilibrium effect around 650C is very attractive for the hydrogen production process when the CO2-
containg gas is properly produced in the gasification reactor. Conceptual schematic of the proposed system is shown 
in Fig. 2. The gasification reactor can be realized by means of a steam and the recirculation gas blown fluidized bed 
of oxygen carrier and coal. The CO2 absorption reactor and gasification reactor should be separated to recover pure 
CO2 at regeneration of the sorbent. Heat management between the gasification and CO2 absorption reactor is 
technically feasible because exothermic and endothermic reaction heats can be exchanged easily by convective heat 
transfer mechanism.  
Another approach to improve the process is pure oxygen production for oxyfuel combustion because cryogenic 
separation of oxygen requires a certain amount of electric power. We attempted to apply another chemical looping 
of metal red-ox to gasification of the coal and regeneration of the sorbent. Reduction reaction of a metal oxide 
supplies the gasification agent of oxygen as the oxygen carrier. This method usually applies to combustion of 
gaseous fuel as CLC (Chemical-Looping Combustion), but there are several research reports for gasification of solid 
fuel using a metal oxide as oxygen carrier[16]-[18]. Hatano showed the experimental gasification results at 873K using 
coal and polyethylene as solid fuel and SiO2-supported NiO as oxygen carrier and reported that the lattice oxygen of 
this material prompted partial oxidation and produced hydrogen [19]. Dennis and Scott have researched a lignite coal 
gasification with the oxygen carrier containing 21wt% CuO in a fluidized bed reactor at 1173K [20]. The reduced 
metal is oxidized by air blowing in a cyclic batch operation and the exothermic heat of oxidation can give the 
endothermic heat of regeneration of the sorbent, but direct contact between the oxidation off gas and the sorbent is 
meaningless for CO2 separation. A heat exchanger between oxidation off gas and recirculating CO2 is one of the 
solutions to realize both heat management and high purity CO2 recovery. In this case, the sorbent should emit CO2
in CO2 atmosphere and this operation requires a temperature condition of 800C or higher. This conceptual process 
of hydrogen production has capability of reducing the energy penalty to be paid for the CO2 separation and recovery, 
while it is technically challenging due to complicated dual chemical looping processes operated at high temperatures, 
respectively.
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Figure 2  Overview schematic of the enhanced hydrogen production process based on HyPr-RING 
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3. Oxygen carrier 
Selection of oxygen carrier is the first step to realize this hydrogen production system from the viewpoint of 
suitable temperature ranges for the metal red-ox reactions and heat management for gasification of the char and 
regeneration of the sorbent. Many research papers on chemical looping combustion reported theoretical discussions 
and experimental results of transition metal oxides [16]-[22]. Referring to these reports, copper oxide (CuO), nickel 
oxide (NiO) and hematite (Fe2O3) were picked up as a thermodynamically-favorable candidate for oxygen carrier. 
For this reason, it is important for the heat management policy to effectively use the exothermic heat of CO2
absorbing reaction for the endothermic heat of gasification reaction. For a preliminary evaluation, H923 and G923
of possible reactions, which is thermodynamic features at around 650C, were calculated and the results were shown 
in Table 1.  
Table 1  Possible reactions in the gasification process 
Eq. Reactions H°923 kJ/mol G°923 kJ/mol Likelihood
(1) Li4SiO4+CO2ൺLi2SiO3+Li2CO3 63.8 5.8 ***
(2) C+CuOൺCu+CO 40.9 119.3 ***
(3) CO+H2OൺCO2+H2 34.6 5.9 ***
(4) C+H2OൺCO+H2 135.7 3.4 **
(5) C+2CuOൺ2Cu+CO2 88.6 338.7 ***
(6) CO+CuOൺCu+CO2 129.5 128.6 ***
(7) CuO+H2ൺCu+H2O 94.9 122.7 ***
(8) 2COൺC+CO2 170.3 9.3 ***
(9) CO+3H2ൺCH4+H2O 224.5 7.2 **
(10) CH4+CuOൺCu+CO+2H2 129.6 129.9 ***
(11) CH4+4CuOൺ4Cu+CO2+2H2O 189.7 503.9 ***
(12) Cu+H2OൺCuO+H2 94.9 122.7 *   
(2)' C+NiOൺNi+CO 126.1 40.4 ***
(5)' C+2NiOൺ2Ni+CO2 81.9 90.1 ***
(6)' CO+NiOൺNi+CO2 44.2 49.7 ***
(7)' NiO+H2ൺNi+H2O 9.6 43.8 ***
(2)" C+3Fe2O3ൺ2Fe3O4+CO 227.3 214.2 ***
(5)" C+6Fe2O3ൺ4Fe3O4+CO2 284.3 437.8 ***
(6)" CO+3Fe2O3ൺ2Fe3O4+CO2 57.0 223.5 ***
(7)" 3Fe2O3+H2ൺ2Fe3O4+H2O 91.6 217.6 ***
***Likely**Dependingonnonequilibriumconditions*Unlikely
Table 2  Heat balance of preferable reaction pathways  
Reactionpathway
H°923 kJ/mol H2production
mol/CmolCuO NiO Fe2O3
Eqs.(2)ൺ(3)ൺ(1) 57.5 27.8 129.0 1
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Eqs.(4)ൺ(6)ൺ(1)
Eqs.(4)ൺ(3)ൺ(1) 37.4 2
Hydrogen is preferably produced by reaction via carbon monoxide, which is combination of partial oxidation by 
metal oxide (2) or steam gasification of char (4) and water gas shift (3) reactions. Lithium silicate captures CO2, but 
CO2 is possibly produced by many pathways of Eqs. (3), (5), (6) and (8). Table 2 shows heat balance of preferable 
reaction pathways on different oxygen carriers. According to calculation result of H923, only CuO is negative 
heat balance (i.e. totally exothermic), which is different from the other metal oxides. Another reaction pathway is 
combination of Eqs. (4) and (3), which is common reaction of gasification and does not depend on the metal oxides. 
This reaction pathway gives double yield of hydrogen per 1mol carbon, but an exothermic heat of CO2 absorption is 
not enough to compensate the endothermic heat of it. The excess heat of CuO-related reactions (-57.5kJ/mol) can 
cover shortfall of the double yield pathway (37.4kJ/mol), but other metal oxides need additional partial or complete 
oxidation of carbon to cover it.  
 According to Cao and Pan’s experimental result[17], char prompted pure CuO reduction and mainly produced 
CO2 even at low temperature, while lattice oxygen of a composite metal oxide is expected to prompt partial 
oxidation and mainly produce CO[19]. Figure 3 shows result of preliminary TG-DTA test to confirm reduction of 
pure metal oxides in an inert atmosphere using powder reagents mixed with graphite powder of 25wt%. The sample 
weights of CuO+C and NiO+C started to decrease about at 600C and 800C, respectively. We selected CuO as the 
first candidate of oxygen carrier because these two features of CuO, which are temperature level and exothermic 
heat of the reduction reaction by carbon, are convenient for the gasification process in the hydrogen production 
system.  
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Figure 3  Result of TG-DTA for reduction of various metal oxides mixed with graphite powder  
4.  Gasification experiment and discussion 
Figure 4 shows schematic of experimental apparatus and cross-section view of the gasification reactor in detail. 
A double tube reactor is designed to separate gasification portion and sorbent portion and heated by electric furnace 
at an initiation temperature. Non-equilibrium effect is excluded from this test because produced gas recycling 
between gasification portion and sorbent portion needs a high-temperature blower and a heat exchanger. Copper 
oxide and graphite was sieved through a 250 and 325 mesh, respectively, and a dry mixture thereof was dropped 
into the reactor from the inlet valve attached on the top tube of the reactor. Reactor was purged by a mixture of 
H2O/N2 and reaction temperature was measured by thermocouple attached at the bottom of inner tube. After 
condensing the outlet gas, production amount of each component was quantified by volume flow rate and 
composition which were measured by gas meter and gas analyzers, respectively. The CO2 meter (Vaisala GM70) 
concurrently detected only CO2 in a second-scale sampling interval to measure change over time because it took 20 
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minutes to complete one sequence of the GC/TCD (GL-Science GC-3200D). The experimental conditions are 
shown in Table 3. As mentioned above, CO2 absorption performance of lithium silicate, which is even in a 
composition of syngas, have been already reported [10]-[13]. Therefore, this paper shows the experimental result 
without CO2 sorbent so that the results can be mainly focused on CuO reduction and partial oxidation of carbon. 
Figure 5 shows the results expressed as overall production of H2, CO and CO2 in a duration time of 60 minutes. 
Run numbers 1, 2 and 3 correspond to a set of tests for temperature dependency and higher temperature promoted 
gas production including H2 of the targeted component. Comparison between run number 2 and 4 indicate that 
addition of much steam can promote H2 production. Run number 5 and 6 examined the effects of mixture ratio of C 
and CuO and particle size of CuO sample on H2 production, respectively, but these parameters gave limited impacts 
on the targeted reaction. Hydrogen production from graphite was confirmed even around temperature of CO2
absorption, but in any test conditions, a simple CuO may mainly produce CO2 by Eq. (5). Reaction scheme is an 
important aspect for the high yield of hydrogen per carbon. The carbon contacting with CuO is expected to be 
partially oxidized to CO, but it can be completely oxidized to CO2.
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Not only addition of much steam but also appropriate support such as alumina or silica can offer a solution for 
this issue [19][20]. Carbon monoxide and hydrogen derived from the CO may reduce CuO in first by Eqs. (6) and (7) 
due to higher activity than solid carbon, which decrease hydrogen yield. 
5. Conclusions  
A new concept of hydrogen production system using dual chemical looping by lithium silicate and copper oxide 
was introduced and its basic design was reported in this paper. This system is currently under development and 
experiment, but interim result of this work suggests that partial oxidation of coal at a temperature range of CO2
absorption by lithium silicate is an important issue. Further study on the oxygen carrier suitable to promote the 
partial oxidation, for example, composite oxides with lattice oxygen is needed to estimate accurately the energy 
penalty for CO2 separation in this system. 
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Figure 4  Schematic of experimental apparatus for gasification 
Table 3  Experimental conditions 
Run
No.
Amountoffeedmaterial Sievemeshsize Initiation
temp.CCmol CuOmol H2Og/min C CuO
1
0.0567 0.0567
0.3
325
250
620
2 600
3 580
4
0.5 6005 0.1 0.02
6 0.0567 0.0567 10
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